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The origin of ultrahigh-energy cosmic rays (UHECRs) is a half-century old enigma [1].
The mystery has been deepened by an intriguing coincidence: over ten orders of magnitude
in energy, the energy generation rates of UHECRs, PeV neutrinos, and isotropic sub-TeV
γ rays are comparable, which hints at a grand-unified picture [2]. Here we report that
powerful black hole jets in aggregates of galaxies can supply the common origin of all of
these phenomena. Once accelerated by a jet, low-energy cosmic rays confined in the radio
lobe are adiabatically cooled; higher-energy cosmic rays leaving the source interact with
the magnetized cluster environment and produce neutrinos and γ rays; the highest-energy
particles escape from the host cluster and contribute to the observed cosmic rays above
100 PeV. The model is consistent with the spectrum, composition, and isotropy of the
observed UHECRs, and also explains the IceCube neutrinos and the non-blazar component
of the Fermi γ-ray background, assuming a reasonable energy output from black hole jets in
clusters.
The origin of ultrahigh-energy cosmic rays (UHECRs) is still unknown [3]. Measurements by the
Pierre Auger Observatory (Auger) [4] and the Telescope Array (TA) [5] find a power-law spectrum,
Φ ∝ E−2.6−E−2.7 (where E is particle energy and Φ is the diffuse intensity in units of particles per
energy, area, time, and solid angle), with a decline above 6×1019 eV, probably due to the interaction
of UHECRs with cosmic radiation backgrounds such as the cosmic microwave background (CMB)
or an upper limit of the particle energy reachable by the accelerator. Small-scale anisotropy in
their arrival directions has not been established [4, 5].
The IceCube Observatory recently discovered high-energy cosmic neutrinos [6, 7], which have
been anticipated to provide crucial clues to this age-old mystery. An astrophysical flux in the
0.1−1 PeV range is found at the level of 10−8GeV cm−2 s−1 sr−1 per flavor [6–9], which is consistent
with expectations of cosmic-ray “reservoir” models [10–13]. The arrival directions of the observed
events present no significant clustering, and indicate that the sources are extragalactic [6, 8, 9].
A γ-ray counterpart is expected from the hadronic processes responsible for neutrino production.
If the source environment is transparent to γ rays, these side products should show up at 1−100 GeV
energies after cascading in the extragalactic background light (EBL). A significant fraction of the
extragalactic γ-ray background (EGB) [14, 15] measured by the Fermi Gamma-Ray Space Telescope
may be explained by neutrino sources [13]. Despite the unknown origins of these multi-messenger
emissions and fine structures in their data (such as a possible excess in the 10− 100 TeV neutrino
spectrum [6]), it is remarkable that over ten orders of magnitude in energy, the energy generation
rates of UHECRs, IceCube neutrinos, and Fermi EGB are all comparable [2, 13].
Recent UHECR observations have revealed additional characteristic features of extragalactic
cosmic rays. First, a hardening in the spectrum of light particles is seen around 100 PeV [16, 17],
right in the energy range where a steepening in the spectrum of heavy primary particles is observed
(which is often called the “second knee”). Second, a transition from light elements to medium-to-
2heavy elements around 1019 eV is suggested by the Auger data [4], and a heavy UHECR composition
is also supported by the non-detection of cosmogenic neutrinos [18]. Although the interpretation
of the UHECR composition is still debated, direct measurements of indicators of the particle mass
seem to be consistent between different experiments. These features were not considered in the
simplest convergence theory [2]; here we provide a concrete astrophysical model in which black
hole jets embedded in large-scale structures reconcile these observations.
Relativistic jets from the accretion onto supermassive black holes provide promising sites for
UHECR acceleration. The Hillas condition suggests that an active galactic nucleus (AGN) can
accelerate a particle with charge Z to a maximum energy, Emax ∼ Z 10
19 eV, in jets or at external
shocks that are known to be sites of leptonic emissions [3, 19]. The energy spectrum of particles
accelerated by the Fermi mechanism can be described by a power law, dNacc/dE ∝ E
−sacc , with an
index sacc ∼ 2−2.5. Radio observations often find extended lobes (sometimes referred as bubbles or
cocoons, which are plasma cavities inflated by the jet), with 10−100 kiloparsec scales [20] and 0.1−
10 microgauss-level magnetic fields [21]. Particles with energies below Elobe,c = Z eBlobe llobe,c ∼
1.4 × 1018 Z (Blobe/5µG) (llobe,c/0.3 kpc) eV have a Larmor radius rL = E/(ZeB) that is much
smaller than the coherence length of their magnetic structure, where Blobe and llobe,c ∼ (0.01 −
0.1) rlobe are the magnetic field strength and the coherence length, and rlobe is the lobe size and c is
the speed of light. Unlike relativistic electrons that cool inside jets or lobes, high-energy ions diffuse
for tlobediff ∼ 6.1 (rlobe/10 kpc)
2 (E/Z 1PeV)−1/3 (llobe,c/0.3 kpc)
−2/3 (Blobe/5µG)
1/3 Myr and can
enter the intracluster medium (ICM). Meanwhile, these high-energy ions suffer from adiabatic
losses due to the expansion of the cocoon. The characteristic cooling time is tad ∼ 4.9 (rlobe/10 kpc)(
vlobe/2000 km s
−1
)−1
Myr, where vlobe is the typical expansion velocity at source ages of ∼ 0.1 −
10 Myr [22]. Particles with energies above Elobe,c are less impacted, escaping semi-diffusively with
tlobediff ∝ E
−2. Considering the competition between diffusion and cooling, we approximate the
spectrum of cosmic rays leaking into the cluster to be dNinj/dE ∝ E
−sacc exp(−tlobediff /tad).
Radio-loud AGN activity that leads to cosmic-ray injections would preferentially reside in the
centers of rich clusters [23]. A cluster with a halo mass of M = 1014M14M⊙ has a virial ra-
dius rvir ∼ 1.2M
1/3
14 Mpc. The distribution of thermal gas is often described using the β model
as nICM(r) ∝
[
1 + (r/rc)
2
]−3β/2
, where β ≈ 0.8 and rc ∼ 0.1 rvir is the core radius [24]. Tur-
bulent magnetic fields in the ICM, which are probably induced by accretion shocks and other
cluster dynamics, typically have a strength of a few µG in the cluster center [24]. Assuming flux
conservation and that the field traces the baryon distribution, we adopt a magnetic field profile
B(r) = B0
[
1 + (r/rc)
2
]−β
with B0 ∼ 5µG.
Cosmic rays leaving the acceleration site and lobe enter the ICM of the host cluster (which
functions as a cosmic-ray reservoir [10, 11]). The highest-energy ions travel in a straight line
through the ICM. Particles reaching an energy Ec ∼ 2 × 10
19 Z B−6 (lc/20 kpc) eV have a gyro-
radius comparable to the typical scales of magnetic field fluctuations in massive clusters, with lc
about 1-10% of the virial radius [24]. Ions with energies well below Ec propagate diffusively in
the turbulent magnetic field of the cluster. The confinement, which could last for ∼ 1 − 10 Gyr
depending on the particle energy, leads to efficient interactions of cosmic-ray nuclei with baryons
and infrared background photons in the cluster, producing pions that decay into neutrinos and
γ rays via pi± → νe(ν¯e) + e
± + νµ + ν¯µ and pi
0 → 2γ, respectively. Finally, particles that leave
the cluster propagate to the Earth through the intergalactic medium and extragalactic magnetic
fields. UHECRs from sources beyond the energy-loss horizon are depleted via photodisintegration,
photomeson production and Bethe-Heitler pair production processes with the CMB and the EBL,
producing cosmogenic neutrinos peaked around EeV and γ rays that cascade down to GeV-TeV
energies.
We numerically simulate the propagation of cosmic rays in the magnetized ICM and from
the source to the observer. We assume that a jetted source as a cosmic-ray accelerator can be
3FIG. 1: Extragalactic multi-messenger (UHECR, high-energy neutrino and γ-ray) background
spectra from galaxy clusters and groups with black hole jets as cosmic-ray accelerators. Mea-
surements from the KASCADE-Grande [16], Telescope Array and Telescope Array Low Energy extension
(TALE) [5], Pierre Auger Observatory [4] (with Auger energy scaled up by 5% and TA energy scaled downed
by 9% to match the two measurements [25]), IceCube [8, 9], and Fermi Gamma-Ray Space Telescope [14, 15].
The total cosmic-ray spectrum (solid red) is decomposed into two composition groups: light (dashed red; H
and He) and medium-heavy (dotted red; CNO, Si, Fe). PeV neutrinos (solid blue) are produced by inter-
actions between cosmic rays and the ICM (dashed blue), and by UHECRs interacting with the CMB and
EBL during their intergalactic propagation (dash-dotted blue). The upper bound on the neutrino flux of
UHECR nuclei (for sacc = 2.3) is shown for reference (dashed grey) [26]. The γ-ray counterparts (solid black
for the total flux and dash-dotted black for γ rays produced in the ICM) are comparable to the non-blazar
component of the EGB measured by the Fermi Gamma-Ray Space Telescope [15].
anywhere in the core of a cluster with equal probability. We inject five representative groups of
elements: hydrogen (1H), helium (4He), nitrogen (14N), silicon (28Si) and iron (56Fe) according to
the abundances of elements in Galactic cosmic rays (see Supplementary Information for details),
and let each group follow the same power-law spectrum with a cutoff above the maximum rigidity,
dNinj/dR ∝ R
−sacc exp(−R/Rmax), where R = E/Ze is the rigidity, sacc = 2.3, and Rmax =
2 × 1021/26V. We assume that ions are confined up to tinj = 2Gyr, given that the peak period
of AGN activity effectively lasts for ∼ 2 − 3 Gyr (see Supplementary Information for discussions
on model uncertainties and details). The redshift evolution of the source density is taken to be
F (z) = (1 + z)3 up to zc = 1.5, but its moderate variations barely impact our results. The
cumulative flux is obtained by [10]:
Φ(E) =
1
4pi
∫
c dz
H(z)
F (z)
∫ ∞
Mmin
dM
dn
dM
dN˙
dE′
(M,z), (1)
where n is the halo number density, dn/dM is the halo mass function, H(z) is the Hubble parameter
at redshift z, dN˙/dE′ is the production rate of neutrinos (or propagated cosmic rays) from a given
4FIG. 2: Mean of the maximum depth of an air shower of UHECRs. Values of 〈Xmax〉 for the
UHECRs in Fig 1 (solid red line, calculated with the EPOS interaction model [27]) are compared with that
of the Auger data [4] (pink data points with the shaded region indicating systematic errors). For reference,
〈Xmax〉 of a 100% proton (black) and 100% iron nuclei composition (green) are shown, computed using
three interaction models, EPOS-LHC (solid), Sybill 2.1 (long dashed), and QGSJetII-04 (short dashed).
The red shaded region indicates the energy range where the extragalactic contribution is less than 85%
of the measured flux, and is determined by assuming that the residual flux, which could be a Galactic
component, has a composition between proton and iron.
cluster with a redshifted energy E′ = (1 + z)E. We consider clusters with a halo mass above
Mmin = 5 × 10
13M⊙ (corresponding to ∼ 10
11M⊙ for the stellar mass of the main halo), which
present higher radio-loud AGN fractions [23]. For the intergalactic propagation, we assume that
cosmic rays from a galaxy cluster have 50% chance of encountering magnetic structures with an
average strength of 2 nG and a coherence length of 1 Mpc.
Figure 1 shows the integrated spectra of UHECRs and neutrinos from overdense regions with
black hole jets. The normalization of the spectra is determined by a combined fit to the Auger
spectral and 〈Xmax〉 data above 10
18.45 eV, and the IceCube data above 2×1014 eV. The goodness fit
results in a χ2 = 44.5 for 30 degrees of freedom, corresponding to a p-value of 0.043 for this fiducial
case. The cosmic-ray confinement in the lobe and the host cluster makes the injection spectrum
harder below the second knee [10, 13]. The spectral shape is agreement with measurements by both
Auger and TA above 1018 eV. Primary and secondary cosmic-ray particles received by the observer
are divided into two composition groups: light (including H and He) and intermediate/heavy
(including CNO, Si, Mg, Fe), with the two crossing around 1019.5 eV. The mean of the maximum
depth of an air shower, 〈Xmax〉, which depends on the mass of the UHE nucleon or nucleus, is shown
in Figure 2. The trend follows the 〈Xmax〉 data measured by Auger. Below 10
18 eV, accounting
for a Galactic contribution with Φ ∝ E−3.4, the predicted cosmic-ray spectrum matches the light
component of the KASCADE-Grande data [16].
The neutrino spectrum is composed of two parts. Between 1014 eV and 1017 eV, it is mostly
contributed by particle interactions in the ICM. It agrees with the IceCube measurements above
1014 eV. The low-energy neutrino spectrum is harder than that of accelerated cosmic rays, and the
5spectral steepening above 1015 eV results from the faster escape of higher-energy cosmic rays. Above
1018 eV, the neutrino flux is dominated by the cosmogenic neutrinos produced when UHECRs
interact with the CMB and the EBL, and is consistent with the IceCube constraints at extremely
high energies [18]. Likewise, the observed sub-TeV γ rays are produced both in the ICM and during
intergalactic propagation [2]. Thanks to the hard injection spectrum, the total γ-ray flux largely
originates from electromagnetic cascades, and is consistent with the non-blazar component of the
EGB [15]. In addition to the hard γ-ray spectrum, our model also predicts a dominance of low-mass
clusters, and the γ-ray and radio limits from individual clusters [28] can be satisfied.
The chance of previously or currently having active jets in a cluster, fjet, and the average cosmic-
ray luminosity of contained active galaxies per cluster, LCR, are left as free parameters. Assuming
LCR ∼ 10
44 − 1045 erg s−1, we obtain fjet ∼ 10 − 100%. This is consistent with duty cycles of the
accretion-driven evolution of black holes [29]. The number density of clusters and groups with a
mass above 5× 1013M⊙ is ∼ a few × 10
−5Mpc−3. This satisfies the muon neutrino limits on the
neutrino source density derived from the absence of multiplets [2], as well as the lower bounds on
the UHECR source density derived from the lack of strong anisotropy in the UHECR data [30].
Our model predicts an association between directions of neutrino events and low-mass clusters that
have past and ongoing jet activities of supermassive black holes. Alongside multiplet signals from
nearby candidate sources, this correlation can be tested [2] with future neutrino observations by
experiments such as IceCube-Gen2.
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Note added
After this Letter was submitted to Nature Physics, the preprint arXiv:1704.06893 appeared with an
incorrect quote about our work. Our reservoir model indeed explains diffuse spectra of neutrinos,
γ rays and UHECRs “dominantly”, as well as the UHECR composition and sub-ankle cosmic rays.
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1Supplementary Information
Methods
Cosmic rays can be accelerated by black hole jets by mechanisms such as shock acceleration,
shear acceleration, and magnetic reconnection. After escaping from the jet and lobe/bubble, cos-
mic rays rectilinearly or diffusively propagate in the turbulent magnetic field of the host cluster
(or group). In our grand-unified model, while we consider AGN jets as the principal cosmic-ray
accelerators, we treat galaxy clusters and groups as cosmic-ray reservoirs, in which PeV neutrinos
and a fraction of sub-TeV γ rays are produced [10, 11, 31]. The semi-diffusive propagation is imple-
mented based on the public UHECR propagation code CRPropa 3 [32]. The diffusive propagation
is computed semi-analytically by letting particles random walk with a step size equal to the coher-
ence length of the magnetic field. The numerical step size is then converted to an actual trajectory
length through the on-site diffusion coefficient [33, 34]. Interactions between nuclei and target
nucleons of the ICM gas are computed using pre-tabulated cross sections and products that were
calculated with the hadronic interaction model EPOS [35]. Photomeson productions (photodisin-
tegration) due to interactions between cosmic-ray protons (nuclei) and the infrared background of
clusters are computed based on SOPHIA [36] (TALYS [37]) through CRPropa 3.
Galaxy clusters and groups, in which AGN and other cosmic-ray accelerators are embedded,
provide promising sites for neutrino and gamma-ray production [38, 39]. The density profile of
the intracluster medium gas in a cluster is normalized by fbM/(µmp) =
∫
nICM(r)dV , where fb
is the gas fraction in galaxy clusters, which is compatible with the cosmic mean baryon fraction
Ωb/Ωm = 0.167 [40, 41], µ ≈ 0.61 is the mean molecular weight, and mp is the mass of a proton.
The infrared background photons in the cluster is modeled following reference [42] (scaled up by a
factor of 3 to be consistent with reference [11]), with a spectral energy distribution resulting from
the superposition of the emission of 100 giant elliptical galaxies, and a density profile following
the ICM gas distribution. The infrared background of the cluster add to the CMB and the EBL
as target radiation fields. While not only radio-loud AGN but also radio-quiet AGN have been
suggested as UHECR accelerators [43], the former objects are known to be more powerful. Radio-
loud AGN are more common as a central galaxy in cool core clusters than in non-cool core clusters.
To be conservative, we have not taken into account the high densities at the center of the subset
of clusters that have cool cores [11].
Our simulations allow us to approximately calculate spectra of neutrinos and cosmic rays for a
steady injection over a duration tinj ∼ 1 − 10 Gyr. The history of injections from AGN is time-
dependent and is dominated by their past activities at z ∼ 1− 2. Considering this effect, we have
adopted tinj = 2 Gyr. Two effects induce a spectral steepening in our model. First, a spectral break
due to the escape of cosmic rays occurs at sufficiently high energies when tdiff(E) < tinj [10, 13].
In addition, a break in the injection spectrum is caused by the confinement of cosmic rays in the
cocoon. Figure S1 demonstrates that tinj = tH , where tH = 13.75 Gyr is the age of the Universe,
leads to similar results. Thus for our fiducial parameters, our results are insensitive to changes in
tinj which affects the confinement ability of the cluster. In essence, since we achieve s < sacc (where
s is the effective injection spectral index), our model is consistent with model-independent bounds
on cosmic-ray reservoir scenarios, in which the effective injection spectral index, s, is constrained
by the γ-ray background to be smaller than s ∼ 2.1− 2.2 [13].
All cosmic-ray ions and neutrinos, including the primary cosmic-ray particles injected into
the simulation and their secondary and higher-order products, are tracked down to 1 TeV. The
neutrino spectrum below this energy is extrapolated based on a spline fit to the simulation results
between 2.2 TeV and 10 TeV. From the neutrino spectrum we obtain the spectrum of their γ-ray
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FIG. S1: Spectra of cosmic rays and neutrinos from cosmic-ray reservoirs with black hole jets. Same as in
the fiducial mixed-composition scenario but with the cosmic-ray injection time tinj = tH .
counterparts by [44]
EγQEγ ≈
2
3
(EνQEν )
∣∣
Eν=Eγ/2
, (S1)
where EQE is the energy generation rate density per logarithmic energy, and γ-ray and neutrino
energies are related as Eγ ≈ 2Eν . Then we take into account electromagnetic cascades during the
intergalactic propagation by solving transport equations [45]. Note that clusters and groups are
expected to be transparent up to ∼ 100 TeV energies [39, 46]. Either leptonic or leptohadronic,
γ-ray emission can be observed directly from jets and lobes of radio-loud AGNs. In particular, the
emission from blazars jets significantly contributes to the EGB. Primary relativistic electrons cool
inside the AGN, and are not expected to diffusively enter the ICM like cosmic-ray ions.
The diffuse flux computation convolves the mass function of reservoirs (that are clusters and
groups) and luminosity density of all possible cosmic-ray accelerators (that are mainly AGN jets) as
shown by equation 1. Since it is assumed that all radio-loud AGNs, including BL Lac objects and
their misaligned counterparts, can produce UHECRs (see reference [39] for the discussion on the
inner jet model for UHECRs), we use a luminosity density obtained by integrating the luminosity
function. Note that the photon luminosity densities of radio galaxies, blazars, and AGN (rather
than the number densities) show a positive redshift evolution [47–49], and uncertainty in the redshift
evolution can affect the diffuse fluxes only by a factor of ∼ 3 (see reference [2] for more details).
Then, we simulate host clusters in 10 mass bins from Mmin = 5 × 10
13M⊙ to Mmax = 10
16M⊙,
and 14 redshift bins from zmin = 0.005 to zmax = 5. The result, however, barely depends on Mmax
and zmax since the population of massive clusters at high redshifts is negligible. The minimum
redshift zmin = 0.005 corresponds to the distance of the Virgo cluster at ∼ 20 Mpc. The halo mass
function is calculated by
dn
dM
(M,z) = f(σ)
ρm
M
d ln σ−1
dM
(S2)
where ρm(z) = ρm(0) (1 + z)
3 is the mean density of the universe at given redshift, and σ(M,z)
corresponds to the variance of the linear density field smoothed on a top-hat window function [50]
rt = (3M/4piρm)
1/3. For f(σ), we adopt the Sheth-Tormen mass function multiplicity [51], which
is consistent with results from N-body cosmological simulations [50, 52, 53].
A galaxy cluster and group naturally hosts supermassive black holes with powerful jets as
cosmic-ray accelerators, which may include not only radio-loud AGN but also radio-quiet AGN [54].
3The emission from the accelerators themselves is a very different subject beyond the scope of this
work. As noted above, synchrotron emission from primary electrons in the jets (or lobes) of blazars
and radio galaxies have been observed. Since the injected cosmic-ray ion flux may be ∼ 100 times
higher than the electron flux, as indicated by the Galactic cosmic-ray data, it is also possible
to have a hadronic component as often discussed in the leptohadronic model for blazars. Our
model is consistent with either leptonic or leptohadronic model for the high-energy emission from
the cosmic-ray accelerators, and the blazars may make a subdominant contribution to the PeV
neutrino flux. This is a generic feature of cosmic-ray reservoir scenarios. In principle, cosmic-
ray accelerators may even be powerful transients in galaxies including γ-ray bursts, supernova
explosions, fast-rotating pulsars, tidal disruption events [55, 56], and blazar flares [57]. In addition,
particle acceleration can also happen in the accretion shocks that are commonly found at the
outskirts of large-scale structures [58, 59]. The accretion shock contribution is expected to be
more important for massive clusters [2, 10, 34], and the corresponding neutrino production has
been subject to various constraints [2, 28, 34, 60]. In contrast, the contribution from internal
accelerators such as AGN can be more important for less massive clusters [10, 11, 13], since the
population of such clusters is higher and AGN are found to have a strong redshift evolution. The
distribution of higher-energy cosmic rays is expected to be more uniform [61].
For the extragalactic propagation, we use CRPropa 3 and take into account the photomeson
and photodisintegration interactions between cosmic rays and background photons including the
CMB and the EBL (where the best-fit model of reference [62] is used), as well as the decay of
unstable intermediate products and the Bethe-Heitler production of electron-positron pairs. We
use the transmission factor [33] to take into account the magnetic horizon effect due to structured
EGMFs [63–65]. The confinement in the structured EGMFs may also lead to additional secondary
production especially below the ankle, which is not included to save computation time. Cosmogenic
neutrinos [66] are generated by photomeson interactions of protons above the Greisen-Zatsepin-
Kuzmin energy [67, 68] (EGZK ∼ 6 × 10
19 eV) during their intergalactic propagation. The flux
of cosmogenic neutrinos is lower if UHECRs are dominated by intermediate or heavy nuclei, as
opposed to pure protons [26, 69, 70]. Cosmogenic γ rays from intermediate and heavy nuclei are
dominated by the Bethe-Heitler pair production [19, 71, 72]. It is known that cascaded γ rays follow
a universal spectral shape, and that their flux is basically determined by the energy injection rate of
cosmic rays at ultrahigh energies [45, 73, 74]. For demonstration purposes, the cluster contribution
to the EGB is estimated by adding the cosmogenic γ-ray flux of a mixed composition scenario [72]
to the source γ-ray flux obtained in this work. As in the simplest convergence theory [2], the total
γ-ray flux from our model is compatible to the non-blazar component of the EGB [15, 75].
The combined fit to the Auger spectral data, the 〈Xmax〉 data, and the IceCube spectral data is
performed as follows. The goodness-of-fit is assessed with a total χ2 contributed by three separate
fits, given that the UHECR energy spectrum, the Xmax distributions, and the neutrino energy
spectrum are independent measurements:
χ2(Cnorm, δ
CR
E , δ
ν
E) = χ
2
CR,spec(Cnorm, δ
CR
E ) + χ
2
CR,Xmax + χ
2
ν,spec(Cnorm, δ
ν
E). (S3)
Cnorm is a universal factor that normalizes the predicted fluxes of UHECRs and neutrinos, δ
CR
E
and δνE denote the energy-scale displacements in the UHECR and neutrino spectra, defined so that
E → E′ = (1+δE)E. The allowed displacements are capped by the systematic energy uncertainties
in the Auger spectrum, ∆CRE = ±14% [4], and the deposited energy resolution of cascade events
of IceCube [76], ∆νE ∼ ±15%. We do not allow an energy-scale displacement in the fits to the
〈Xmax〉 data since the energy resolution of the Fluorescence Detector (FD) of Auger is narrower
than the width of the energy bins used here [77]. Specifically, the χ2 functions are defined as (see
4e.g., reference [78]):
χ2CR/ν, spec =
∑
i
(
ΦCR/ν(E
′
i, Cnorm)−
(
ΦCR/ν
)obs
i[
∆
(
ΦCR/ν
)]obs
i
)2
+
(
δ
CR/ν
E
∆
CR/ν
E
)2
, (S4)
χ2CR,Xmax =
∑
j
(
〈Xmax〉(Ej)− 〈Xmax〉
Auger
j
[∆〈Xmax〉]
Auger
j
)2
.
Here ΦCR and Φν are the flux of UHECRs measured by the Auger Surface Detector (SD) [4] and
the flux of astrophysical neutrinos in the six-year IceCube data [9], 〈Xmax〉 is the mean of Xmax
measured by the Auger FD [4, 79], and ∆ (ΦCR), ∆ (Φν), and ∆〈Xmax〉 are the corresponding
uncertainties defined via the quadrature sum of the statistical and systematic uncertainties of
the measurements. We use E3ΦCR and E
2Φν to evaluate the fits to cosmic-ray and neutrino
data respectively as these are the forms of data provided by the corresponding experiments. The
systematic uncertainty of the UHECR spectrum is derived from that of vertical Auger SD data
sets recorded by the 750 m and 1500 m arrays, as well as inclined events recorded by the 1500 m
array [4], weighted by the event number from each data set in each energy bin. In addition, as
suggested by a comparison of the TA and Auger spectra [25], we increase the energies of Auger
spectrum by 5% (so that −19% < δCRE < 9%) to determine the absolute flux of UHECRs. The data
used in the fit consists of the Auger spectrum in 18 bins with 0.1 increment of log10(E/eV) from
18.45 to 20.15, 〈Xmax〉 in 12 bins with 0.1 increment from 18.45 to 19.50, and one last bin between
19.50 and 20.00, and the IceCube spectrum of high-energy starting events above 2 × 1014 eV. A
total of 33 non-zero data points are used for the fit. When the upper and lower errors of a data
point are different, the upper error is used when the model prediction is higher than the data, and
vice versa.
The default parameters are set to be Emax = 2×10
21/Z eV and sacc = 2.3 as motivated by black
hole jets of radio-loud and radio-quite AGN [19, 43]. Our results are however not very sensitive to
small variations of these parameters. Generally a softer cosmic-ray spectrum also leads to a softer
neutrino spectrum, and a larger Emax leads to higher flux of cosmogenic neutrinos. We inject a
chemical composition based on the abundance of elements in Galactic cosmic rays. Specifically,
we adopt the elemental abundances at PeV/Z based on cosmic-ray measurements from 10 GeV to
100 PeV [80]. The iron abundance is enhanced by a factor of 2, since elliptical galaxies may have
higher metallicity than star-forming galaxies such as the Milky Way. The energy flux (E2dNinj/dE)
at the same rigidity scales to (0.625 H, 0.252 He, 0.053 CNO, 0.009 Si, 0.124 Fe), which is also
compatible with the cosmic-ray composition at 100 PeV. By minimizing χ2 through the fits with
the Auger and the IceCube data, we find a best-fit χ2dof = 44.5/30 = 1.48 (corresponding to a non-
chance occurrence probability of 4.3% for the fiducial case to explain the data) at δˆCRE = −0.12 and
δˆνE = −0.01. The best-fit Cnorm corresponds to fjet = 23.7%, assuming LCR = 10
45 erg s−1 above
10 GeV. We obtain similar results, χ2dof ∼ 1.5−2, if changing the starting energies to 10
18.45±0.2 eV
in the UHECR fits and 6×1013 eV in the neutrino fit. The fit could be improved to χ2dof = 1.3 with
the non-blazar component of the Fermi data above 50 GeV, although more careful analyses are
required to properly estimate the uncertainties of the γ-ray data. A fit with χ2dof ∼ 3−5 is obtained
without applying the EGMF. A more dedicated fitting allowing arbitrary abundance, Emax, sacc,
and varying EGMF parameters can potentially provide a better fit to data [77, 81], but such a
study is beyond the scope of this work. Given that there are uncertainties in the acceleration and
propagation models as well as photonuclear interactions, our work is sufficient for demonstrating
that the physical connection among multi-messengers is achieved by a concrete model with the
physically-motivated source parameters.
The connection between PeV neutrinos and UHECRs in cosmic-ray reservoir scenarios was
suggested before the discovery of IceCube neutrinos [10, 11], and their link to the diffuse isotropic
5FIG. S2: Spectra of cosmic rays and neutrinos from cosmic-ray reservoirs with black hole jets, assuming
that all cosmic rays are protons with Emax = 10
19.6 eV. The propagated cosmic-ray spectrum (solid red)
matches the Auger and TA data above the ankle (∼ 1018.5 eV).
γ-ray background has also been discussed in references [2, 13, 82]. Our model is the first concrete
model that simultaneously explains the measured diffuse fluxes of all three messengers without
violating observational constraints. The model avoids ad hoc tuning of parameters, in the sense
that the source population (including the number density and redshift evolution), the profiles of
target gas and radiation, and the injection composition are all determined by observations, and
the choice of free parameters (Emax and sacc) is physically motivated. Our numerical approach
takes into account impacts of magnetic structures within sources and contributions from secondary
particles. Note that non-flaring blazar models [83, 84] as the dominant sources of IceCube neutrinos
are disfavored by the stacking analyses [85] and multiplet analyses [2] of the IceCube data. High-
redshift sources or rapidly evolving sources such as quasars [82, 86] do not explain the Fermi data
above 10 GeV due to the strong EBL absorption. Unlike the blazar and high-redshift source models,
our results respect the updated constraints on the non-blazar component of the Fermi EGB [15]
with the important contribution from cosmogenic γ rays [2], the neutrino flux above 10 PeV [18] by
including cosmogenic neutrinos, and the heavy-rich composition of UHECRs indicated by Auger [4],
as well as the sub-ankle component above 1017 eV.
Light composition scenario
So far we have mainly focused on a mixed composition scenario, but the interpretation of the
chemical composition of UHECRs is under debate. While three interaction models, EPOS [87],
QGSJET [88] and SIBYLL [89] are commonly used, hadronic interaction models at the highest
energies are based on the extrapolation from experimental data at lower energies, and thus still
suffer from non-negligible uncertainties. A simultaneous fit to the Auger spectrum, 〈Xmax〉 and
σ(Xmax) suggests a dominance of intermediate or heavier nuclei at the injection site [77, 90], which
is quite challenging for known astrophysical sources. References [77, 81] find a main minimum and
a second minimum in their fitting. The main minimum requires a hard injection spectral index s =
0.9 (or 1.61 with the EGMF), which is different from typical expectations from the diffusive shock
acceleration mechanism (although such a hard spectrum could be reached by the shock acceleration
6at ultrarelativistic shocks [91, 92] or other mechanisms such as the shear acceleration [93]). The
second minimum suggests s = 2.0 (or 2.3 with the EGMF) and is similar to the mixed composition
scenario shown here, but with a σ(Xmax) lighter than the Auger measurements between 10
18.8 eV
and 1019.4 eV. The UHECR composition can also be modified by interactions inside cosmic-ray
accelerators [19, 83, 94]. More quantitative discussion on the composition is beyond the scope of
this work, and we do not attempt to fit to the σ(Xmax) data.
Below we consider an alternative scenario, where cosmic rays from radio-loud AGN are domi-
nated by pure protons (aka the “proton scenario”). Such a possibility is shown in Figure S2 for the
completeness of our demonstration, since it has been argued that Xmax measurements by TA may
be consistent with the light composition [5]. Except for a different composition, we adopt the same
injection spectrum, dNinj/dE ∝ E
−2.3 and the same maximum energy, Emax = 10
19.6 eV, as in our
mixed composition case. Like in the mixed-composition scenario, the neutrino products from the
ICM is comparable to the 0.1−1 PeV measurements by IceCube. The difference between a nucleus
and a proton in neutrino production can be very roughly estimated as follows. Considering that the
inelastic cross section of a nucleus with mass number A scales as σNp ∼ A
2/3 σpp, and that a nucleus
with Z ×E experiences the same level of diffusion as a proton with E, the interaction between the
nucleus and the ICM gas has an effective optical depth fNp(ZE) ∼ (κNp/κpp)A
2/3 fpp(E), where
κNp and κpp are inelasticities of the projectile particle in each case. Therefore, a neutrino product
from a nucleus and that from a proton with Z times lower energy have an energy ratio Z/A ∼ 0.5
and an energy flux ratio ∼ (κNp/κpp)A
2/3.
